The neocortex is the most common target of subdural electrotherapy and noninvasive brain stimulation modalities, including transcranial magnetic stimulation (TMS) and transcranial current simulation (TCS). Specific neuronal elements targeted by cortical stimulation are considered to underlie therapeutic effects, but the exact cell type(s) affected by these methods remains poorly understood.
Clinical application of transcranial magnetic stimulation (TMS) and transcranial current stimulation (TCS, encompassing transcranial direct current stimulation [tDCS] , cranial electrotherapy stimulation, transcranial electric stimulation [TES] , and electroconvulsive therapy) are promising noninvasive approaches for the treatment of a number of psychiatric, neurologic, and pain disorders [1] [2] [3] [4] [5] [6] as well as the study of human cognitive function and neural plasticity. [7] [8] [9] [10] Because the electric field (voltage gradient) in the extracellular space induced in the brain by TMS/TCS decays with distance from the stimulating coil or electrode, the neocortex is the most common target of noninvasive electrotherapy. [11] [12] [13] [14] [15] Invasive cortical stimulation that uses subdural strips/arrays is indicated for a range of therapeutic and diagnostic applications, including pain and preoperative brain mapping. 16, 17 Fundamental questions remain regarding the cellular targets of each cortical stimulation paradigm, including the relative activation of morphologically and functionally diverse groups of inhibitory interneurons and excitatory pyramidal cells. 18 Stimulation waveform, direction, and frequency is thought to preferentially affect specific cortical cell types [18] [19] [20] and/or specific segments of a neuron such as axonal bends and terminations. 11, 21, 22 Neuronal segments oriented toward the stimulating anode (virtual anode for electric fields induced by TMS 22 ) have been shown to hyperpolarize, and concomitantly the segments oriented toward the (virtual) cathode depolarize (Supplementary Figure 1) . 23, 24 The effects of electric field-induced polarization has traditionally been categorized as ''subthreshold'' changes in ongoing neuronal processing/timing, [25] [26] [27] or ''suprathreshold'' stimulation that directly triggers action potentials. 26, 28, 29 Clinical brain stimulation modalities, and associated therapeutic outcomes, may depend specifically on subthreshold (eg, tDCS) and/or suprathreshold (eg, TMS) neuronal effects (reviewed in Wagner et al. 30 ). Cortical cell types, 31 distinguished by their laminar position, network connectivity, and neuronal morphology/biophysics, playdefined roles in network processing and thus merit investigation in the context of both subthreshold and suprathreshold stimulation paradigms. 18 In response to the unique electric fields induced by each brain stimulation modality, 22, [32] [33] [34] neuronal membranes are considered to polarize in a ''compartment'' specific manner; the polarized compartments interact according to the electrotonic decay along the neuron (Supplementary Figure 1) . Neuronal modeling [35] [36] [37] [38] and in vitro 25, 39 studies of electric field stimulation have identified morphologic features that govern the polarization of (interacting) neuronal compartments, including branching patterns and membrane space constants. Changes of compartment angle relative to an applied electric field (eg, activating function, the second derivative of the extracellular voltage along the neuronal membrane), branch terminations, or changes in intercompartment impedance can determine the locations of entry and exit of induced transmembrane currents that lead to polarization. 21, 23, 35, 38, 40 The neuronal space constants (l), and related diameter of axons and dendrites, govern the axial distribution of these induced transmembrane polarizations, and therefore regulate the degree to which neuronal compartments interact. 38, 39, 41, 42 Concurrent polarization of individual segments of a neuronal tree can lead to complex changes in overall neuronal function by modulating cellular biophysics, 43, 44 including nonlinear voltagegated conductances, synaptic efficacy, and action potential (AP) threshold or timing. 23, 28, 29, 45, 46 The goal of this study was to determine whether the distinct morphologic features of cortical cell types affect their response to stimulation by electric field. We performed whole-cell recordings, of pyramidal cells and interneurons in rat motor cortex brain slices, during uniform electric field stimulation in vitro. Morphologic reconstructions of biocytin-filled neurons were correlated with electrophysiologic responses to electric fields. We considered differences between cortical cell types in their response to both subthreshold and suprathreshold stimulation. These data were used to consider the cellular targets of clinical cranial stimulation therapies.
Methods

Brain slice preparation
Coronal slices (300 mm) of primary motor cortex (M1) were prepared from male P21-25 Sprague-Dawley rats on a vibratome (Integraslice 7550 PSDS, Campden Instruments, Lafeyette, Indiana) as previously described. 25, [47] [48] [49] In brief, rats were anesthetized with intraperitoneal ketamine (7.4 mg/kg) and xylazine (0.7 mg/kg) and euthanized by decapitation. After decapitation, the brain was quickly removed, blocked, and placed into ice-cold (4 C) oxygenated artificial cerebral spinal fluid (ACSF). ACSF contained (in millimolars) 125 NaCl, 26 NaHCO 3 , 3 KCl, 1.6 CaCl 2 , 1.5 MgS0 4 , 1.25 NaH 2 PO 4 , and 10 glucose, aerated with 95% O 2 -5% CO 2 to a final pH of 7.4. The slices were stored in a holding chamber submerged in ACSF and bubbled with a mixture of 95% O 2 -5% CO 2 at room temperature. After more than 60 minutes, slices were transferred to a submerged patch-clamp recording chamber maintained at 36 C. In some experiments, the glutamatergic transmission blockers CNQX (AMPA receptor antagonist, 20 mM) and APV (NMDA receptor antagonist, 50 mM) were added to the perfusate (Sigma-Aldrich, St. Louis, Missouri).
Whole-cell patch clamp recording and data acquisition
Conventional whole-cell patch clamp recording techniques were used to measure activity from neurons in M1. Neurons were visualized with IR-DIC illumination (Olympus BS51WI, Center Valley, Pennsylvania), and identified according to layer and gross morphology. Patch pipettes (approximately 4-7 MU tip resistance) were pulled on a Flaming/Brown microelectrode puller (P-97, Sutter Instruments, Novato, California). Pipettes were filled with (in millimolars) 120 KGlu, 10 NaCl, 20 KCl, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, 0.5 EGTA, and 0.3-1% biocytin (wt/vol) for subsequent visualization of the neurons. Electrophysiologic signals were amplified (Axoclamp-2B, Molecular Devices, Sunnyvale, California) and filtered at 10 kHz (FLA01, Cygnus Technologies, Delaware Water Gap, Pennsylvania), then digitized (Power 1401 ADC/ DAC, Cambridge Electronic Design, Cambridge, United Kingdom). Offline analysis of action potential and passive membrane properties were performed using Signal 3 (Cambridge Electronic Design). On obtaining a high-resistance seal (.1 GU) with a neuron but before establishing whole-cell configuration, the microscope objective (water immersion; 403, Olympus) was removed from the bath to reduce perfusate level (and related electric field) nonuniformities. Once a stable whole-cell configuration was obtained (resting membrane potential of less than 55 mV, overshooting action potentials, generation of repetitive APs in response to a depolarizing current pulse), neurons were classified according to discharge pattern in response to a constant depolarizing current pulse (100 milliseconds) as intrinsically bursting, fast spiking or regular spiking. 47, 50, 51 Generation of uniform electric fields and quantification of neuronal response Uniform electric fields were generated across individual slices by passing current between two parallel Ag/AgCl electrodes 25, 48, [52] [53] [54] [55] [56] placed on the bottom of a customized submerged chamber; the wires were parallel to the direction of perfusate flow and measuring 15-16 mm long and 7-9 mm apart. Field waveforms were generated by a Power 1401 ADC/DAC (Cambridge Electronic Design) and converted to a controlled current source by up to three parallel stimulus isolation units (2200, 2300, A-M Systems, Carlsborg, Washington). Because of the reduced current density caused by the deeper fluid levels in submerged patch recording chambers, to achieve electric field magnitudes the same as those applied in previous studies that used interface recording chambers, 25, 48 an order of magnitude greater current intensity was necessary. This, in turn, limited the maximum electric field applied (for example, in determining AP thresholds). The electric field (mV/mm) in the chamber was measured by two recording electrodes separated by 1 mm and calibrated to the current passed through the Ag/AgCl electrodes. The convention of electric field polarity used in the current report refers to the anode on the pial side of the cortex.
The voltage recorded by a field electrode (placed within 50 mm of the recorded neuron) was subtracted from the intracellular potential to obtain the transmembrane voltage and used to compensate for the exogenous electrical artifact. Post hoc corrections for voltage differences between the field and intracellular electrode (measured at the termination of each recording) were made by scaling the electric field command waveform to the interelectrode difference and subtracting from the recorded transmembrane voltage. We note that this creates a residual onset and offset artifact that was not included in our analysis. For each cell, the somatic steady-state transmembrane voltage response to approximately 5 mV/mm electric field steps (Figure 1, B) , up to approximately 6 30 mV/mm, were linearly fit, the slope of which determined the cell-specific subthreshold somatic polarization per unit electric field applied (Figure 2 ), in units of millivolts of polarization per millivolt/millimeter of electric field (mV*(mV/ mm) 1 ). This slope, which has also been referred to as ''mV per mV/mm,'' ''coupling coefficient,'' and ''cell susceptibility, '' 25,48,52 reduces to millimeters and shall be referred to here as polarization length, l p .
Suprathreshold electric fields induced nonlinear polarizations with characteristic excitatory postsynaptic potential (EPSP) waveforms 49 and/or APs, as determined by visual inspection. Averages are reported as mean 6 standard error. Statistics within a 95% confidence interval have been labeled as significant.
Morphologic reconstruction of biocytin-filled neurons
After recordings, slices were placed in cold fixative (4% paraformaldehyde in 0.1 M phosphate buffer) and kept at 4 C for no more than 2 weeks. Biotin-avidin-horseradish peroxidase (HRP) histochemistry was performed as previously described. [57] [58] [59] Briefly, sections were first placed in 1% H 2 O 2 /0.5% MEOH and phosphate buffer saline (PBS) to quench endogenous peroxidase activity. After three washes in PBS, sections were permeabilized for 1 hour in PBS containing 0.2% Triton-X (Sigma-Aldrich). Sections were then placed in an avidin-HRP mixture (ABC Kit, Vector Labs, Burlingame, California) for 2 hours. After three washes in PBS, sections were reacted in 0.05% diaminobenzidine/0.015% H 2 O 2. Slices were washed in PBS, mounted onto gelatin-coated slides, and coverslipped in DPX (Electron Microscopy Sciences, Hatfield, Pennsylvania). For three-dimensional morphologic reconstructions, the Neurolucida system (MicroBrightfield, Williston, Vermont) was used in conjunction with an Olympus BX51 microscope using 43 (0.1 numerical aperture [NA]), 103 (0.4 NA), and 603 (1.4 NA, oil) objectives. Digital images were taken using an Optronics Microfire camera (Optronics Inc, Muskogee, Oklahoma). Morphologic measurements were made using the NeuroExplorer software package (MicroBrightfield). Dendritic morphology was used to indentify cell type and layer. The tracing was aligned so the direction of the electric field traversed along the 90-degree line from the top of the tracing to the bottom. NeuroExplorer branched structure analyses were used to measure segment angle 4 (seg) and volume information for each segment of each individual neuron's tracing.
Volume-weighted polar histogram generation
The volume of each segment was binned by segment angle in a polar histogram ( Figure 4 , A-C), and summarized by a single vector of mean angle (degrees) and vector strength (volume, mM 3 ). Ninety degrees is defined as pointing toward the anodal electric field stimulating electrode. Histograms were generated using the Matlab (Mathworks, Natick, Massachusetts) Circular Statistics Toolbox by Philip Berens.
DC stimulation strength-time to first spike curves
To determine respective stimulation ''DC-chronaxies,'' the threshold stimulation magnitude in response to incrementing electric field steps of 100-millisecond duration (functionally DC), as well as to incrementing 100-millisecond steps of somatic current injection, was plotted against the inverse of the time to first spike. These data were fit to the equation S 5 S o 1 S o C/t, where S is the threshold stimulation magnitude (in nanoampere for current injection, millivolt/millimeter for electric field stimulation), S o is the rheobase corresponding to the horizontal asymptote of the strength-duration curve, C is the DC-chronaxie equal to the duration of stimulation pulse having twice the intensity of the rheobase, and t is time to first spike in milliseconds. 60 Note that ''classic'' strength duration curves are determined by using duration of incrementing stimulation pulse necessary to trigger an AP. 61 
Results
We quantified the acute effects of uniform electric fields on cortical neurons in vitro. For the cases of subthreshold and suprathreshold fields, we considered whether neuronal Figure 3 Cortical neuron morphologic reconstructions in decreasing order of electric field induced somatic subthreshold polarization sensitivity. Three items are listed for each cell, electric field induced somatic polarization length, l p (mm), an indicator of mV of polari zation per unit electric field applied (mV/mm); layer and cell type (pyramidal or interneuron); and if tested for that cell, electric field induced firing threshold. An asterisk next to the label for cell type denotes a neuron with a presumably cut dendritic tree (slicing related change), that has still been included in all analyses.
responses could be distinguished based on cortical cell type or neuronal morphology. Cortical cell types can be defined by anatomic and biophysical distinctions, while we developed a parsimonious metric of neuronal morphology relative to the orientation of applied uniform fields. In response to subthreshold fields, neuronal compartments polarize linearly with the amplitude of the applied electric field 35, 38, [40] [41] [42] ; for each neuron, somatic subthreshold sensitivity is defined by the polarization length constant: l p (in millimeters). Thus, for a given subthreshold electric field E (in mllivolts/millimeters), neuronal soma will polarize El p mV. The sign of the polarization length reflects the polarity of polarization for a given electric field direction. Suprathreshold fields induce nonlinear responses in the cell membrane, including APs and/or EPSPs from activated afferents. The electric field threshold for triggering an AP in a given neuron reflects the neuron's specific sensitivity to suprathreshold fields. The main objective of this study was to determine whether subthreshold and suprathreshold sensitivities to electric fields could be correlated with cortical cell type or neuronal morphology.
Cortical cell subthreshold polarization in response to uniform electric fields
A total of 51 neurons from M1 were recorded, 37 of which were identified by cortical layer and cell type. Consistent with findings in other structures, 23 ,25 the magnitude of cortical subthreshold somatic polarization increased linearly with increasing electric field steps, and reversed polarity with the direction of the applied electric field.
Per our convention (see the Methods section), a ''positive'' subthreshold soma polarization indicated a positive field (anode proximal to pial surface) resulting in somatic depolarization; whereas a ''negative'' subthreshold polarization indicates a positive field resulting in a somatic hyperpolarization The polarity and polarization length (sensitivity) of each neuronal soma in response to an applied electric field was quantified.
Fifty-one cells had a subthreshold transmembrane polarization length, l p , ranging from 0.29 to 0.49 mm (such that field-induced subthreshold polarization 5 l p *E mV, where E is the applied electric field in units of millivolts/millimeters). The 14 identified layer V/VI (LV/VI) pyramidal cells had a range of polarization lengths, l p , from 0.03 to 0.49 mm. The eight identified layer II/III (LII/III) cells had subthreshold polarization lengths, ranging from 0.05 to 0.13 mm. The 15 identified interneurons (from across all layers) had subthreshold polarization lengths ranging from 0.29 to 0.14 mm. These data are thus indicative of the range of possible subthreshold polarization values for a distributed population of cortical neurons. These polarization ranges are reported without accounting for variable cell angle relative to the electric field, and morphology differences within and across cell types 51, 62 (including slicing-related damage). Without accounting for variable cell morphology relative to the electric field, a significant difference was found between the polarization length, l p , for interneurons across layers and LV/VI pyramidal neurons (P , .02), the difference between interneurons across layers and LII/III pyramidal neurons approached significance (P 5 .06) (t test, Figure 2 ), and were significantly higher than LII/III pyramidal neurons and interneurons across layers after rejecting cells damage due to slicing (marked with an ''x'' in Figure  2 ). Layer V neurons represented the seven highest (19%) individual somatic polarization values of the 37 identified cells (Figure 3 ).
Neuronal morphology relative to applied electric field correlates to induced subthreshold polarization: volume-weighted polar histograms If all the neurons we recorded were optimally oriented to the electric field (mean angle 5 90 degrees), the regression model would reduce to l p f vector strength. A significant difference was found between the vector strength for interneurons across layers and both LII/III pyramids (P , .001) as well as LV/VI pyramidal neurons (P , .04) (t test, Figure 5 ).
Cortical cell AP threshold in response to uniform electric fields
The minimum AP threshold in response to 100 milliseconds, 6 polarity electric field square pulses was determined (n 5 29). Three cells were able to fire in both electric field polarities and the lesser magnitude polarity was considered the ''minimum'' threshold. Of 26 cells, 21 had a positive minimum threshold ranging from 28-101 mV/mm (mean 5 58 6 5 mV/mm), and two cells had negative minimum thresholds of 80 and 120 mV/mm (mean -5 100 6 20 mV/mm). Six cells did not fire an AP in response to the maximum electric field tested in either polarity. No cells fired in response to the offset of the electric field step (eg, in response to anodic break).
The minimum electric field induced firing threshold for identified LV/VI pyramidal cells ranged from 28-79 mV/mm (n 5 9, mean 5 57 6 6 mV/mm). For LII/III pyramidal neurons, the minimum electric field AP threshold range was 70-104 mV/mm (n 5 6, 81 6 3 mV/mm). Thus, all identified pyramidal cells had a positive minimum AP threshold. The minimum electric field AP threshold range for interneurons was 44-79 mV/mm in the positive direction (n 5 6, 68 6 9 mV/mm), and 80 and 120 mV/mm in the negative direction (n 5 2, 100 6 20 mV/mm) (Supplementary Figure 3) . A significant difference was found between the absolute value electric field firing threshold of LV/VI pyramidal neurons, and LII/III pyramids (P , .002) (t test, Figure 6 ). Note this difference was observed without accounting for variable cell angle relative to the electric field, morphology differences within and across cell types (and slicing-related damage), or presynaptic contribution.
Increasing intensity of electric field beyond the subthreshold polarization range (see the Methods section) resulted in EPSPs for most cells (n 5 26) reflecting the activation of APs in axons afferent to the specific cortical neuron. This was in distinction to relatively rare EPSPs when electric field stimulation was off. In all but three of 29 tested neurons, EPSPs were observed in response to electric field pulses of lesser magnitude than AP threshold (Figure 7 ). For cells exhibiting EPSPs, the minimum positive electric field value inducing EPSPs ranged from 12-69 mV/mm (mean 5 49 6 4 mV/mm) (n 5 18). The negative EPSP threshold range was 22 to 104 mV/mm (mean 5 62 6 7) (n 5 16). These EPSPs were suppressed by bath application of glutamatergic transmission blockers CNQX and APV (n 5 4, Figure 7 ) consistent with an orthodromic origin. After glutamatergic transmission blockade, APs could no longer be triggered in these four cells when stimulated up to the maximal intensity electric field tested (up to 6 79-110 mV/mm). This analysis underscores the potential contribution of afferent glutamatergic synapses in depolarizing cells to AP threshold, in response to 100-millisecond electric field pulses.
Stimulation parameters used in TMS and TES are typically short duration pulses less than 1 millisecond, and can be either monophasic or biphasic. As an initial characterization of the biophysics of cortical cell types in response to stimuli of brief duration, we tested the response of 19 cells to (0.5 millisecond) square wave electric field stimuli up to the intensity limits of our experimental setup (up to 79-120 mV/mm). Of 19 cells, two responded to a 0.5-millisecond square pulse step (mean 5 88 6 8 mV/ mm); these cells responded to this 0.5-millisecond electric field stimuli with a spike approximately 2 milliseconds after stimulation onset; this short delay is indicative of direct neuronal activation (ie, the time course excludes synaptic contributions). EPSPs, reflecting orthodromic activation, were observed in another two cells at the maximum intensity tested (mean 100 6 6 mV/mm). Thus, as expected, cortical AP threshold increases rapidly with decreasing pulse duration (see also DC-chronaxie discussed later in the text); We can conclude that electric field strengths greater than 79-120 mV/mm are necessary for significant activation of quiescent (see the Discussion section) cortical neurons in slice preparations by 0.5-millisecond (TMS-like) electric field pulses.
Differing mechanisms of AP initiation between intracellular current injection and suprathreshold electric field stimulation
In 10 of 26 cells, we observed a transition from regular spiking behavior in response to intracellular current injection, to intrinsic burst spiking (see the Methods section) when the same cell is stimulated by an electric field (Figure 8, A) . Four of these cells were classified as LII/III pyramidal and six were classified as LV/VI pyramidal. These data indicate a change in the intrinsic firing pattern of cells, depending on the type of stimulation used.
The firing time of 26 cells in response to 100-millisecond incrementing steps of electric field and somatic current injection was compared. DC stimulation intensity time to first AP plots (eg, strength-duration curves) were constructed for each cell (see the Methods section), for both stimulation types (Figure 8, A) . In 23 of 26 cells, the DCchronaxie through electric field stimulation was lower than that of intracellular current injection, resulting in a significant difference between stimulation types (t test, P , .01, Figure 8 , B). Eight of these cells were unable to be indentified as a particular cell type. Among LV/VI cells, a significant difference between the DC-chronaxie of electric field stimulation and that of intracellular current injection was evident (n 5 8, P , .001), whereas for LII/III cells (n 5 6, P 5 .09) and for interneurons (P 5 .07, n 5 4) the difference approached significance.
Discussion
To address the basic neural mechanisms of cortical electrotherapy, in this report we used in vitro whole-cell recordings and uniform electric field stimulation. A necessary step toward the rational design of subthreshold and suprathreshold brain stimulation paradigms is a systematic Figure 6 Cortical cell type electric field firing thresholds. The minimum absolute electric field firing threshold, in response to 100 millisecond incrementing electric field steps, is shown ac cording to cell type. Asterisk denotes significant difference (t test) found between LV/VI pyramidal neurons, and LII/III pyra midal neurons. and quantitative method for predicting which neuronal elements respond to electric fields; this analysis can then be scaffolded onto theories of network processing and the ultimate therapeutic outcomes.
Relevance of in vitro data to clinical brain stimulation
Several factors concomitantly facilitate the precise characterization of electric field effects in vitro, while qualifying how in vitro data are used to understand and design clinical electrotherapies. The application of uniform electric fields to brain slice preparations 25, 26, 39, 48, 52, 54, 55, 63 results in each cell exposed to an identical ''electrical environment,'' such that differences in neuronal responses can be attributed (and correlated) directly to differences in neuronal morphologic/ biophysical characteristics (Supplementary Figure 1) . Only in cases in which electric fields induced in the brain are uniform on the scale of a single neuron, as may be the case for noninvasive stimulation or distant cortical electrodes, can our data be used to directly predict neuronal response to the specific ''quasiuniform'' electric field at each location (eg, cortical column) in the brain. In brain slices, the majority of afferents are cut, and intact synapses are inactive compared with the in vivo situation. 51, 62 These changes affect cellular properties such as resting membrane potential and conductance, as well as AP threshold. Similarly, spontaneous network oscillations, and other forms of ''tonic'' system drive, which may modulate neuronal subthreshold and suprathreshold response, 64, 65 are absent in brain slices superfused with ''normal'' ACSF.
In response to subthreshold stimulation, in the absence of (by definition) electric field-induced synaptic activation, and ongoing neuronal oscillations (in vitro), neuronal morphology merits investigation as a predictor of neuronal response. Our morphologic reconstructions account for, in part, the inherent cutting of some dendritic processes during brain slice preparation.
Suprathreshold responses integrate the direct neuronal response to the electric field and the cumulative synaptic response by the network. Thus cell type, encompassing laminar position, network connectivity, and neuronal morphology merits investigation.
Response to subthreshold fields
It is well established, that in response to subthreshold electric fields, neurons polarize in a compartment specific fashion with compartments oriented toward the anode generally hyperpolarizing and compartments oriented toward the cathode depolarizing. 21, 25, 26, 54, 63, 66 Somatic polarization may be reflected as a corresponding change in spontaneous firing rate. 24, 27, 67 Neuronal cell types with a nonsymmetric dendritic morphology are preferentially modulated by the electric field. 23, 24 Our results indicate that based only on volume-weighted neuronal morphology (without considering cell/compartment specific membrane biophysics) the polarity of cortical neuron somatic membrane polarization by uniform fields can be predicted with high fidelity, and the magnitude of polarization approximated, using the volume-weighted polar histogram coherence vector (described by the mean angle and vector length).
The polar histogram coherence vectors provide a parsimonious model of cortical neuron morphology in relation to electric field-induced somatic polarization. Its intuitive applicability, independence of nonlinear cellular biophysics, and lower computational overhead gives it merit. This intuitive approach is thus applicable to predict subthreshold polarization from morphologic data. For example, because the vector strength is lower for symmetric cells (eg, some interneurons; Figure 5) , the polar histogram model predicts reduced maximum somatic polarization length (l p ) for such cells compared with larger, more asymmetric (e.g., pyramidal) cells with a higher vector strength. The model also predicts that optimal positive and negative polarization length, for any given cell, is achieved for mean angles of 90 and 270 degrees, respectively, aligned with the electric fields. Cells with mean angles perpendicular to the direction of the electric field (0 or 180 degrees) are predicted not to polarize significantly (low l p ), regardless of vector strength.
However, the polar histogram coherence vector model neglects weighting of neuronal segments by their proximity to the soma and distributed cellular biophysics. Indeed, though the dependence of the observed polarization on polar histogram morphologic variables is significant (P , .001) this parsimonious model does not account for almost half of the observed variance (r 2 5 0.41). Given compartment specific biophysical parameters for each neuron, the second derivative of the extracellular voltage along the membrane (i.e., activating function) 40, 68 would yield more accurate predications (morphologic data shall be published on (http://www.neuromorpho.org).
Individually, layer V pyramids exhibited the highest measured somatic sensitivities to subthreshold fields (polarization lengths, l p ), and the highest polar histogram vector strengths, a measure of the asymmetry of the volume of neuronal membrane in relation to the soma. Applied subthreshold electric field therapies (tDCS, tACS), if quasiuniform across cortical regions, would thus preferentially polarize layer V cell somas. Human cortical neurons can be longer than the rat cortical neurons investigated here. 62 However, assuming the ratio of volume between the sum of apical and basal neuronal elements is similar between rat and human cortical neurons, then despite differences in overall size the polar histogram metric would scale according to size, to predict a similar distribution of somatic polarization differences across species (Figure 2) .
Distal terminal electric field induced polarization is important to quantify because: (a) the maximum polarization is thought to occur at the terminals, 21, 23, 38 and (b) dendrite polarization will modulate neuronal processing (eg, the site of synaptic input). 25 The distal polarization of a symmetrically branching dendritic tree has been modeled, 38 in one case with approximately 2.5 times greater polarization at the distal terminal than at the soma. 37 We emphasize that basal and apical dendrites will concomitantly polarize in opposite directions (Supplemental Figure 1 ), thus it is incorrect to describe any electric field (experimentally or clinically) as globally depolarizing or hyperpolarizing.
Response to suprathreshold fields
Several lines of evidence suggest that AP initiation in response to uniform electric fields cannot be explained by a simple linear depolarization of the soma to threshold: (1) although the values of subthreshold polarization per unit electric field recorded at the soma linearly correlated to field polarity, in some cells, spiking was initiated with fields of either polarity, or of polarity opposite to the subthreshold polarization value; (2) the values of subthreshold polarization per unit electric field recorded at the soma, multiplied by the electric field-induced firing threshold (expected somatic polarization at threshold electric field) is less than the difference between resting membrane potential and AP threshold (expected somatic polarization necessary for somatic AP initiation); an extreme example was a cell with a subthreshold somatic polarization value of 0 mV*(mV/mm) 1 and electric field firing threshold of 72 mV/mm; (3) EPSPs were evident in most cells recorded during stimulation and were dependent on glutamatergic synaptic activity; and (4) the DC chronaxie values for electric field stimulation were lower than for intracellular current injection reflecting differing neuronal elements triggering AP initiation for the two stimulation cases, 60 and/or synaptic contributions toward electric field-induced firing threshold. The spatial profile of stimulation may also impact chronaxie measurements; with neuronal elements charging and summing in parallel during uniform electric field stimulation. Related to this latter point, (5) some cells that were not categorized as ''intrinsically bursting'' in response to intracellular current injection (see the Methods section), exhibited bursting behavior when stimulated by electric fields.
Bursting has been hypothesized as dependent on the removal of inactivation of hyperpolarization-gated channels of a distal dendritic region (e.g., by inhibitory inputs), whereas an AP generated in a depolarized region of the cell back-propagates to this distal hyperpolarized region resulting in dendritic calcium spikes. [69] [70] [71] The original AP and subsequent dendritic spikes may be observed from a somatic recording as a burst response. In contrast to intracellular current injection, electric fields simultaneously depolarize and hyperpolarize distinct neuronal compartments (Supplementary Figure 1) . This may be a mechanism for the observed modulation to bursting in response to the electric field. We have observed modulation of firing to a burst response in pyramidal cells, in which distal and basal compartments are electrotonically distant. 72 In coronal in vitro brain slices, individual LV/VI cells demonstrated the lowest AP threshold in responses to 100-millisecond uniform electric fields. We have found evidence for both direct and orthodromic activation of LV/VI cells. However, it is important to emphasize that recruitment order is a spectrum across cell types, consistent with a network/orthodromic contribution to activation for most cells. One goal of probing cortical slices with suprathreshold electric fields is to characterize the use of cortical brain slices as a research tool for suprathreshold noninvasive transcranial stimulation (eg, TMS). We have recorded a sparse sample of cortical neurons, with three of 29 cells exhibiting direct activation (without EPSPs) in response to 100-millisecond pulses, the majority of cells fired through a summation of EPSPs and field-induced polarization. An unrelated minority of cells responded to short, TMS-like pulses, in which the electric field is turned off before the time for synaptic transmission (precluding summation of EPSPs and field-polarization). Lower stimulator outputs of laterial medial (l-m) TMS coil orientations or any stimulator outputs of posterior-anterior (p-a) TMS are considered only to induce (indirect) i-waves, whereas greater stimulator output in the l-m orientation is necessary to induce (direct) d-waves. 73, 74 Despite experimental differences between in vitro uniform electric fields and human cranial stimulation, biophysical features governing suprathreshold response (e.g., morphology, cell type, connectivity) should be generalizable. In vitro, because all neurons were exposed to a uniform electric field, we demonstrated that differences in suprathreshold response can be attributed to (the uncontrolled variable of) biophysical distinctions of cortical cell types.
In addition, the absolute firing thresholds and recruitment order in vitro may be different than during clinical stimulation because of: (1) greater electric field nonuniformities during clinical stimulation, particularly the action potential initiation zone; (2) using in vitro preparations, portions of axons are inevitably cut, including corticospinal axons,that have been attributed to d-waves 19, 75 and corticocortical afferents linked to the generation of i-waves 74, 76 ; (3) the square pulse used here leading to differing neuronal activation than the monophasic or biphasic waveforms generated by TMS, 77 whereas the pulse lengths used in TMS and TES are much shorter as well; (4) differences in size, length constant, and morphology between human and rat cortical neurons; and (5) ongoing network activity (e.g., state dependent activation).
For the reasons noted above, in vitro, only a minority of neurons fired in response to 500 ms electric field step pulses with amplitudes up to the maximum possible for our experimental setup, which encompasses the reported range of clinical TMS motor-evoked potential (MEP) threshold amplitudes of 30-130 mV/mm. [78] [79] [80] In addition, the observed recruitment orders across cortical cell types in response to 100-millisecond square pulses, may not hold for sub-500 ms pulses, possibly because at this timescale summation of direct electric field polarization and (delayed) EPSP-induced polarization is not possible. In addition, the capacitance of differing cortical cell types/ cellular compartments may change polarization induced by electric fields of varying pulse lengths.
81,82
Toward a mechanistic understanding and rational design of clinical cortical brain stimulation Which neuronal elements are activated by electrical stimulation are considered to underlie the ultimate behavioral and therapeutic outcomes. 29 Central to this idea is that not all neurons will be equally effected by a given stimulation protocol, and that distinct stimulation protocols target distinct neuronal populations/neuronal compartments. Therefore, determining which cells are acutely modulated by stimulation is a pivotal first step toward the rational design of electrotherapies; however, this is only a first step toward the complex analysis of how electrical stimulation affects information processing, synaptic plasticity, network function and ultimately behavior. Conversely, network activity may affect both subthreshold polarization sensitivity (polarization length, l p ) and suprathreshold recruitment order. The current study addressed only the first step by taking advantage of the isolated brain slice preparation.
Development of subthreshold stimulation paradigms should consider the polarization of specific neuronal compartments (such as the soma or specific dendritic terminals), in the context of their roles in ongoing neuronal processing. For the range of electric fields induced by typical subthreshold clinical electrotherapies (eg, tDCS), the predicted membrane polarization is on the order of millivolts; even at the tufts of the largest cortical neurons. 37 How can such relatively small polarizations lead to significant functional changes in the brain? When considered in the context of ongoing activity, we have shown that acutely, weak fields may be amplified at the single cell 48 and network 65 levels, through changes in spike timing. In addition to these acute ''amplification'' mechanisms, it is necessary to characterize the plastic effects of electrical stimulation protocols; for example, prolonged weak depolarization (.10 minutes), is thought to lead to plastic changes as observed during tDCS. [83] [84] [85] The ultimate goal of rational electrotherapy is to promote changes in network function that alleviate behavioral symptoms while minimizing disruption of cognitive function. The characterization of cellular responses to stimulation is a necessary but incremental step toward this goal. In summary, the current study addresses the importance of cortical neuronal morphology and cortical cell type during subthreshold and suprathreshold electric field stimulation. These data are a necessary step toward a mechanistic understanding of clinical cortical electrotherapy, and the design of more targeted (eg, focal, fewer side effects, longer lasting) brain stimulation strategies.
